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ABSTRACT 

We assume that internal shocks of Gamma Ray Bursts (GRBs) consist of muhiple 
sub-jets with a colhmation half-angle ~ several x 7"^, where 7^ is the Lorenz factor 
of each sub-jet. If by chance a sub-jet is first emitted off- axis from the line of sight, 
the observed peak energy can be in the X-ray region. Next if by chance a subsequent 
sub-jet is emitted along the line of sight, then the peak energy will be in the gamma ray 
region and the gamma ray may arrive after the X-ray precursor from the former sub-jet 
depending on parameters. This model predicts a new class of GRBs with extremely 
weak and short gamma ray emission but X-ray precursor and/or post-cursor as well as 
an afterglow. (ApJ Letters; Received: 2000 Jan 31 Accepted: 2000 Mar 30 ) 
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1. Introduction 

Recently evidences for collimation of GRBs in 



the afterglow came out for GRB990123 ( 


Kulkarni 


et al. 1999, 


Fruchter et al. 1999, Galama et al. 


1999 




Castro-Tirado et al. 1999 


; see also 


Dai & 



( iHarrison et al. 1999| , | Stanek et al. 19991). The 



rapid decline rate of GR B980519 ( Halpern, Kemp 
Piran fc Bershady 1999 ) also suggests the collima- 
tion of GRBs. From the fact that the power index 
of the decline rate of the afterglow changed at 1 ~ 
2 days for GRB990123 and GRB990510, the collima- 
tion half-angle AOg of the afterglow is estimated as 



^0.1 ( 


Rhoads 1997 


, Kulkarni et al. 1999 




Harrison 


et al. 199!; ), where a 


stands for afterglow. The unusu- 



ally slowly declining X-ray afterglow of GRB980425 
(oc T~° '^) can also be explained |^ if the afterglow is 
beamed and the angle between the jet and the line of 
sight is - 30° ( [Nakamura 19991 ). 



In an internal shock model ( piran 1998 ), which is 



one of the promising models of GRBs, the relativistic 
beaming half-angle (= 7"^ < 0.01) with 7^ being the 
initial gamma factor of the internal shock is smaller 
than the suggested collimation half-angle of the after- 
glow {A9a ~ 0.1). This means that it is possible to 
assume that the collimation half-angle of the internal 
shock is much smaller than the collimation half-angle 
of the afterglow. We here assume that the beam of 
internal shocks consist of such sub-jets with the colli- 
mation half-angle Adj < AO a. This kind of a model 
has already been considered to interpret no correla- 
tion between the isotropic luminosity of gamma-rays 



and that of the afterglow( Kumar fc Piran 199£) as 



well as the diversity of the isotropic luminosity for 
GRBs with known red-shifts. 

Here I like to point out that such a sub-jet model 
has a potential ability to interpret X-ray precursors. 



which were first obs erved by Ginga satellite ( Mu- 
rakami et al. 1991 ). The evidence for X-ray pre- 
cursors have been co nfirmed by GRAN AT/ WATCH 
(Sazonov et al. 1998) catalogue with 6 X-ray precur- 
sor events in 95 GRBs. This suggests that about ~ 
6% of GRBs have precursors. Recently Beppo/SAX 
found the X-ray precursor and prompt X-ray emis- 
sion from GRB980519 ( |in't Zand et al. 1999] ). For 
GRB980519 an analysis of the evolution of the X- 



^In this Letter I use T to express the time at the detector. For 
simpUcity I neglect the cosmological time dilatation to avoid 
confusions. 



ray spectrum in terms of a single power-law spectrum 
shows that the photon index evolved from -2.0 to -1.1 
to -2.4. The onset of burst has such a soft spectrum 
that the 2-27 keV emission appears to precede the > 
107 keV emission by about 70s. One more important 
fact for GRB980519 is that the X-ray post-cursor is 
seen after ~ 100s from the gamma ray emission. 

Paczynski 1998 has once suggested that precursors 
of GRBs might be the evidence for the association 
of GRBs with supernovae, that is, precursors might 
suggest baryon contaminated environment of GRBs, 
while the gamma ray might come from the clean fire 
ball. Here I like to interpret precursors in the frame- 
work of the standard fire ball model which is so suc- 



cessful so far (Piran 1998). 

In this Letter, I assume that internal shocks of 
Gamma Ray Bursts (GRBs) consist of multiple sub- 
jets with the collimation half-angle ~ several x 7~^, 
where 7^ ~ 100 ~ 1000 is the Lorcnz factor of each 
sub-jet. If by chance a sub-jet is first emitted off-axis 
from the line of sight, the observed peak energy can be 
in the X-ray region. Next if by chance a subsequent 
sub-jet is emitted along the line of sight, then the peak 
energy will be in the gamma ray region and depending 
on parameters, the gamma ray can arrive after the X- 
ray precursor from the former sub-jet. This emission 
pattern agrees with that of GRBs with precursors. 
The event rate of precursors (^ 6%) is compatible 
with this model since precursors occur by chance. If 
the time order of the former and the latter sub-jets 
is reversed by chance, gamma-ray comes first and X- 
ray comes later. This emission pattern is compatible 
with the post-cursor. In next section we will argue a 
simple model in this picture. 

2. Simple Model 

Let us consider a simple model of GRBs in the 
framework of an internal shock picture. First at 
f = in the laboratory frame a slow proton jet with 
Lorenz factor 75 > 100 with the collimation half- 
angle AO^s starts from the central engine toward the 
direction O^j where 9^ is the angle between the di- 
rection to the detector and the axis of the sub-jet. 
This slow jet continues for Ats- At i = Atg + tr, 
a rapid proton jet with Lorenz factor 7^ > 7^ with 
the collimation half-angle A6^r starts from the cen- 
tral engine toward the same direction 9y as the slow 
jet. For simplicity we consider only the case of 



Ae^ 



AO^ 



A9^. Then the rapid jet catches 
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up the slow jet at ic — '^UllS'^ / (5^ - 1) + At^ where 
S = ^r/ls > 1- The internal shock breaks out at 
tb^t, + 2At,725'V(^'' - 1), where S' = 7,^/7, > 1 
with 7s/i being the gamma factor of the internal shock 
in the laboratory frame. Let us consider the case of 



Then the relation of the observed time T 



to t is given by 



T = {\-(3cose^)t^teli2, 



(1) 



where we set T = as the time when the photon 
starts from the central engine at i = arrives at the 
detector. The observed frequency v at the detector is 
related to v' in the shock frame as 



7(l-/3cos0,) 



Since in the internal shock model the peak energy in 
the comoving frame should be in the soft X-ray band( 
say ~keV) , the observed peak energy from the off- 
axis emission can be in X-ray band (say '^lOkeV) for 
appropriate values of "fsh and 9y. For tr ~ Ais, the 
arrival time of this off-axis emission ( Tc{9y) ) is given 

by 



5^ 



(3) 



100' '0.03' S'2 - 1' 
while the duration from the catch up time to the shock 
break out time AT{9v) is given by 



Am,).9At.(^f(j^)'^ (4) 



Now let us assume at i ~ to, the central engine 
starts to emit another pair of the same slow and rapid 
sub-jets toward the line of site {9y = 0). Then the 
catch up time and the break out time become 

— to + tc and = to + h, respectively, while the 
relation of the observed time T to t becomes 



T{9, = 0) = <o + 



t-tp 
272 ■ 



Then 



Tci9, =0)=to+tr 



1 



(5) 



(6) 



while the duration from the catch up time to the shock 
break out time AT(0„ = 0) is given by 



1 



AT (9, = 0) = ^ts^jT^ 



(7) 



In this case the observed frequency v at the detec- 
tor is related to ly' in the shock frame as 



J, = 400,y'(^). 

400^^ 



(8) 



This means that the observed emission will be in 
the gamma ray band if v' is in the soft X-ray band 
(-keV). 

Now the condition for the occurrence of the pre- 
cursor {Tc{9v 0) > Tc{9„)) is rewritten as 



tr ^ 400^ ^0.03^ S^'S^ - f 

Let us consider a specific numerical example; 
Case 1 



(9) 



7. = 100, 7r = 200,7s/, 
At, = 6s, 9y = 0.03. 



200, = 6s, 



(10) 



Then 



T,(0,) = 72s,AT(0,)=72s, 

Tci9^, =0) = ta + 2s, AT{9y = 0) = 2s. (11) 

If the peak energy in the shock frame is ~ 0.5keV, 
then the peak energy from 72s to 144s is ~ 5keV 
while the peak energy from to+2s to io+4s is ~ 
200keV. Therefore if to > 70s the X-ray emission 
starts {to — 70s) before the gamma ray emission. The 
duration of the X-ray precursor is '~ 70s while the 
duration of the gamma ray emission is ^ 2s. The 
duration of the X-ray precursor in this specific exam- 
ple happens to be comparable to those observed by 
Ginga for GRB900126( |Murakami et al. 199l|) and by 
Beppo/SAX for GRB980519 ( |in't Zand et al. 1999] ) 
while the duration of the gamma ray is somewhat 
smaller. 

The above model is extremely simple but clearly 
demonstrates a possible origin of precursors. In Case 
1 by choosing to much smaller than 70s we may 
explain the post-cursor. For example if we choose 
to 20s then the gamma ray emission starts at 22s 
and ends at 24s while the X-ray post-cursor emission 
starts at 72s. 



3. X-ray flux from the precursor and the 
post-cursor in a sub-jet model 

In the previous section, we discussed only the 
peak energy and the temporal structure of precur- 
sors and post-cursors. In this section we estimate the 
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X-ray flux from the precursor in the sub-jet model. 
The observed X-ray flux of the precursor and post- 
cursor of GRB980519 ( |in't Zand et al. 1999D is ~ 
5 X 10~^erg s~^cm~^ in 2-10 keV band. The average 
X-ray flux of the precursor of GRB900126(Murakami 
et il. 1991) is ^ 2.5 x 10~^erg s~^cm~^. We argue 
that these values are compatible with our model of 
precursors and post-cursors. 

For 6y — and 'jA9^ 3> 1, we assume that the 
observed spectrum of the gamma ray from the sub- 
jet is given by 



1 



oc 



(12) 



where ~ 1.5 and fo ^ 150keV are constants. The 
above spectrum is essentially the same as the Band 



spectrum (Band et al. 1993) with a — ~1 and /3 = 
—Pb — Ij where a and (3 are the spectrum parameters 
in the Band spectrum. The peak frequency fpeafc, 
that is. the maximum of vFi^, is ^J\/{(3b — l)t'o. 



Garnot, Piran & Sari 1998 as well as I Woods & 



Loeb 1999 derived a general formula to compute the 
off-axis emission from beamed GRBs. Here we adopt 
their formulations and notations. Let us use a spher- 
ical coordinate system r = (r, 0, 0) where the coordi- 
nate are measured in the lab frame; let the 6 = axis 
(z-axis) points to the detector and r = be the cen- 
tral engine. Let also D be the distance to the source 
and a = r sm6/D be the angle that a given ray makes 
with the normal to the detector. Then the observed 
flux is given by 



vD 



da 



7/3 Jo JO 



(13) 

(14) 
(15) 



where «„, T and j^, are the maximum value of a, the 
arrival time of a photon at the detector and the rest 
frame emissivity measured in erg s~^ cm~'^ Hz^^ sr^^, 
respectively. Note here that ' means the physical 
quantity in the rest frame. 

In the case of 0„ = 0, we assume that j^, is ex- 
pressed as 

j',. ^B{AB^-d)j{v'), (16) 

where /(i^') and ll(x) are a certain function and the 
Heaviside step function, respectively. Then Fi,{T) is 



given by (Nakamura 1999) 

F.(T) = 2t:Au / /(^') — , (17) 

Ju/2i V 

where A is a factor depending on the density, the 
gamma factor, the strength of the magnetic fields and 
the location of the shock as well as the distance to the 
source. Since we assume that the spectrum has the 
form of Eq. (12) for 3> 1, ](y') is given by 



i + (fe + i)(^)^ 

27(l + (^)^)'^-/^+i' 



(18) 



Neglecting the term proportional to Xj^^Ad^')'^ we 
have 



(19) 



Then the peak frequency is in the gamma ray region 
as fpeafe ~ I'D ~ 150keV and the peak flux is given by 



(20) 



Now let us consider the off axis case (&„ > AQ^). 
In this case j'v' is expressed as 



., , .cos — cos^u cosf 

Jv' Of H{cos(l)~ (- 



sm t/„ sm ( 



■)) 



(21) 



The flux is given by (Nakamura 1999) 



F,{T) = / <^vf{y') — . (22) 

where cos = (cos AQ^ — cos Q cos 0^)1 sin sin Q. 
Eq.(22) is evaluated as 



F.(r) = 8^(^)2(^)^27/(^70^/2). 



(23) 



Then the peak frequency is in the X-ray region as 
vpeak 1^0/(7^.)' - 4(7/2OO)-2(0„/O.O3)-2keV and 
the peak flux is given by 



1 



{yF,)^^SA{-^Y{ — ) 



2 + Pi 



(24) 



The ratio of the X-ray flux observed from the off 
axis of the sub-jet to the gamma ray flux observed 
along the axis is given by 



'200' 



^0.03' 



(25) 
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For the gamma ray flux of 
we fiave the X-ray flux of ^ 5 x 10" 
This X-ray flux is similar to the observed ones in the 



5 X 10 ^erg s ^cm ^, 

^ — 1 —9 

erg s cm . 



precursors o f GRB980519 (|in't Zand et al. 1999| ) and 
GRB900126( |Murakami et al. 199l| ). Therefore our 
model is compatible with the X-ray flux of the pre- 
cursor and the post-cursor. 

4. Discussion 

Let us try to interpret the X-ray photon index evo- 
lution of GRB980519( |[n't Zand et al. 1999| ) stated in 
Introduction. In our model X-ray precursor and post- 
cursor come from the off-axis emission from sub-jets 
so that the spectrum is expressed by Eq. (23) which 
leads to the photon index (3 = —/3b — ^ ^ —2.5. While 
the main gamma ray emission comes from the on-axis 
emission from the sub-jet so that the spectrum is ex- 
pressed by Eq. (19). In Eq.(19) the photon index in 
the X-ray band is —1. Therefore our model predicts 
that the photon index evolves from -2.5 to -1 to -2.5 
which agree with the observations. 

As we discussed in section 2, the duration of the 
emission from the sub-jet depends on the viewing an- 
gle. From Eqs. (4) and (7) , we have 



AT{e, = 0) 



36(J:^)2(_^ 
400^ ^0.03 



(26) 



This means that the duration of the lower energy 
emission {9^ ^ 0) is longer than that of the higher 
energy emission(6't, = 0). If the X-ray precursor or 
post-cursors occur by chance, our model in this Letter 
predicts that their duration are longer than the du- 
ration of the main gamma ray emission. This a grees 



with observations of precursors and post-cursors ( Mu- 
rakami et al. 1991 , in't Zand et al. 1999 ). 



However for most cases precursors and post-cursors 
do not occur. Then what does our model predict for 
usual GRBs? In our model, in general, there exists 
a sub-jet whose axis makes an angle 9^ ^ Q with the 
normal to the detector. This sub-jet mainly emits 
X-ray delaying from the main gamma ray emission 
from the sub-jet with 9y ~ 0. The duration of X-ray 
emission is longer than the main gamma ray emission 
so that our model predicts that prompt and delayed 
X-ray emission with longer duration should associate 
with GRBs. The emission patterns of GRB960720, 
970111, 970228,970508, 971214, 980329 and 980425 



What is a new prediction from our model ? Sup- 
pose that by chance none of the sub-jets point to the 
line of sight. In this case gamma ray emission is ex- 
tremely weak and short or absent while the X-ray pre- 
cursors and/or post-cursors as well as X-ray, optical 
and radio afterglow exist. If such an event is found, 
that will be compatible with our sub-jet model dis- 
cussed in this Letter. 
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